Aims: This study aimed to examine the physiological mechanism whereby the corticotropinreleasing hormone (CRH) and arginine vasopressin (AVP) exert their influence on adrenocorticotropic hormone (ACTH) secretion in pituitary cells. Methods: Anterior pituitary cells were harvested from male rats and placed in the perifusion system. Cells were perifused with serum-free medium for 6 hours before fraction collection. After 30-minute of baseline collection, perifusion media was changed to expose the cells to CRH with or without AVP. ACTH concentration in each fraction was measured using enzyme immunoassay chemiluminescent kit. Results: The lowest physiological concentration of CRH (10 pM) or AVP (10 pM) was not able to induce a marked increase in ACTH secretion. Higher concentration of CRH (30 pM) or AVP (100 pM) in the physiological range caused sustained elevation of ACTH secretion (P < 0.001), while the secretion remained at similar levels for up to 1 hour with continuous stimulation. Perifusion with 10 pM AVP and 10 pM or 30 pM CRH caused a 2.38-fold and 2.99-fold increase in pulsatile ACTH secretion in pituitary cells, respectively. The duration of pulsatility caused by perifusion with 10 pM AVP and 30 pM CRH was close to that observed under physiological condition. Conclusions: By using the rat anterior pituitary cell perifusion system, we found that CRH and AVP potentiate the effect of each other on ACTH secretion, but AVP was a less potent agonist than CRH. The data suggest that CRH and AVP are essential for the pulsatility of ACTH, and AVP acts like a switch of the pulsatility.
Introduction
The hypothalamic-pituitary-adrenal (HPA) axis is an important component of the endocrine system. It is involved in controlling stress response and has an important physiological role in regulating digestion, the immune system, emotions and moods, sexual behavior and energy storage and consumption. The hypothalamus synthesizes corticotropin-releasing hormone (CRH) as well as arginine vasopressin (AVP), which are released into the pituitary portal circulation and reach corticotroph cells in the pituitary gland, where they stimulate the secretion of adrenocorticotropic hormone (ACTH) into the peripheral circulation [1, 2] . The main target of ACTH action is the zona fasciculata of the adrenal cortex, where it stimulates the production and secretion of glucocorticoids. When the glucocorticoids concentration reaches sufficiently high levels, it will in turn inhibit the HPA axis activity by restraining the expression and secretion of CRH and AVP in the hypothalamus and inhibiting ACTH secretion and the transcription of its precursor protein, proopiomelanocortin (POMC). Glucocorticoids are important for normal metabolic activity and essential for adaption to stress [3] .
In this study, a rat pituitary cell perifusion system was developed to study the key role of the pituitary gland in the HPA axis. Hypothalamic CRH and AVP released into the pituitary portal circulation gain access to receptors in the anterior pituitary corticotroph, where they stimulate ACTH secretion. CRH is a potent stimulant of ACTH secretion [4] and POMC transcription in vitro and in vivo [5] . The corticotroph of crhr1 gene knockout mice is not able to synthesize and release ACTH [6] . In contrast, AVP, on its own, is a weaker stimulator of ACTH secretion, but it markedly potentiates the stimulatory effect of CRH on ACTH secretion [7, 8] . The number of AVP receptor 1B (V1b) is closely related with the response to stress [9] . In contrast to CRH, AVP does not stimulate POMC transcription on its own or in combination with CRH. Moreover, in vivo and in vitro studies have shown an inhibitory effect of AVP on POMC transcription [10] .
A deconvolution analysis of frequent sampling reveals that ACTH is secreted in pulses, with 40 ± 1.5 pulses measured per 24 hours [11] , which is not entirely due to pulsatile CRH release. Light mediates the circadian rhythm of ACTH secretion by activating the transcription of the PER1 gene, which can alter the specific structure of chromatin and the accessibility to genes destined for transcription [12] . AVP may be responsible for the modulation of ACTH pulses, a study has revealed a circadian rhythm in AVP RNA expression and the loss of the circadian rhythm of AVP RNA expression was shown in transgenic CLOCK knockout mice [13] . Here in this study, we proposed that physiological concentration of CRH and AVP are able to stimulate pituitary cells in vitro to secret ACTH in a pulstatility, this also suggested that the pulsatility of ACTH secretion is not controlled by hypothalamus.
Materials and Methods

Animals
Male Sprague Dawley rats weighing approximately 250 g were exposed to light for 16 hours per day over five days before use. Euthanasia was performed by decapitation after CO 2 sedation, and pituitary glands were rapidly removed and collected in ice-cold M199 medium (Gibco).
Cell culture
Pituitary glands were minced and transferred to a 50 ml tube (BD Falcon) and washed with buffer 1 (calcium-and magnesium-free Dulbecco's PBS, containing 2 mM L-glutamine, 1.26 mM CaCl 2 and 0.3% BSA). After a 15-minutes incubation in a water bath at 37°C with shaking (60 rpm) in 10 ml trypsin solution (buffer 1 containing 4 mg/mL trypsin). Next,10 ml of buffer 1 containing 10 μg of deoxyribonuclease I (Sigma) were added and the tube was kept on ice for 1 minute. The supernatant was replaced with 5 ml of buffer 1 containing trypsin inhibitor (2-2.5 mg/mL), and the tissue was incubated at 37°C for 5 minutes. After a two steps wash with 2 mM EDTA for 5 minutes and 1 mM EDTA for 10 minutes, pituitary cells were mechanically dispersed by repeated gentle pipetting in buffer 1 until all cells were released. Cells were collected by centrifugation at 200 × g for 10 minutes and re-suspended in serum-free M199 at a density of 1.5 million cells/mL with Cytodex I micro-carriers (GE Healthcare). Cells were transferred to a 37°C cell incubator under 5% CO 2 -95% air. Before the addition of the serum and antibiotics, cells were gently shaken every 30 minutes for 2 hours to avoid clamping. 
Perifusion
Rat anterior pituitary cells cultured on Cytodex beads were transferred into 0.5 ml perifusion chambers (Acusyst-S Cellex Biosciences).and then were perifused for 6 hours with basic perifusion medium (M199 medium containing 0.1% BSA) at 37 °C. Every 5-minute fraction was collected as a sample in 5 ml polypropylene tubes containing 50 μl collection medium (500 mM EDTA and 4000 kIU/ml aprotinin). Before the treatments, six samples (30 minutes) were collected as baseline control, the samples were immediately placed in dry ice and then stored in -80°C.
ACTH measurement
The ACTH concentration was measured using the ACTH chemiluminescence ELISA kit (Phoenix Pharmaceuticals Corporation). The standard curve was adjusted as follows: 10 ng/ml, 33 ng/ml, 100 ng/ml, 330 ng/ml. Samples were thawed out and diluted with basic perifusion medium. We followed the protocol provided by the manufacturer of the kit to calculated the ACTH concentration.
Statistical analysis
The data are presented as the mean ± SEM. The statistical significance of the differences between the groups was determined by an independent t-test or one/two-way analysis of variance (ANOVA), followed by a Fisher's protected least-significant difference post-hoc test unless otherwise indicated. Statistical significance was set at p < 0 .05.
Results
Effects of CRH or AVP pulses on ACTH secretion in column perifused rat anterior pituitary cells
In this study, rat anterior pituitary cells were kept in perifusion columns perifused with the estimated basal pituitary portal circulation levels of CRH (Bachem) [14, 15] and AVP (Bachem) [15] . Neither the lowest physiological concentration of CRH (10 pM) nor that of AVP (10 pM) was able to cause noticeable increase in ACTH secretion. However, increasing concentration of AVP significantly stimulated ACTH secretion (p < 0.001, 1.94 ± 0.08-fold by 100 pM and 2.36 ± 0.14-fold by 1 nM). Thirty picomolars of CRH increased ACTH secretion by 1.99 ± 0.14-fold, whereas a higher concentration of 100 pM increased it by 6.99 ± 0.22-fold, but secretion started to decline 15 minutes after continuous perifusion . (Fig. 1) . 
Effect of AVP on ACTH secretion stimulated by 30 pM CRH in anterior pituitary cells
To test the dose-response effect of AVP on ACTH secretion stimulated by 30 pM CRH, rat anterior pituitary cells were perifused with different doses of AVP at 30-minute-interval. Consistent with the previous data, with a combination of 30 pM CRH and 10 pM AVP produced about 2.80-fold increase in ACTH secretion. A hundred picomolars AVP caused a 3.99-fold increase and the highest concentration 1 nM increase ACTH secretion by 6.40-fold. (Fig. 2) .
Effect of the combination of CRH and 10pM AVP on ACTH secretion in anterior pituitary cells
To determine the effect of the lowest physiological concentration of AVP on the CRHstimulated ACTH secretion, rat pituitary cells were subjected to continuous perifusion with 10 pM AVP together with CRH. The results, shown in Fig. 3 , revealed that a combination of 10 pM CRH and 10 pM AVP produced a 2.38 ± 0.09-fold increase in ACTH secretion, while the higher concentration of CRH (30 pM) in combination with 10 pM AVP increased the ACTH secretion by 2.99 ± 0.10-fold.
Effect of AVP on CRH-stimulated ACTH secretion in anterior pituitary cells
Noteworthy, we found that a pulsatile ACTH secretion in anterior pituitary cells receiving constant 10 pM CRH and 10 pM AVP, which is consistent with the reported physiological condition [14, 15] . We repeated this experiments, and found the duration of the pulsatility The duration of the pulsatility was 43.75 ± 1.275 minutes (n=6). The ACTH secretion in the column perifused with constant 30 pM CRH was stable, with little pulsatility. (Fig. 4) .
Discussion
In this study, a rat anterior pituitary cell perifusion system is successfully established in vitro. In this system, the physiological concentration of CRH and AVP are able to induce a pulsatile secretion of ACTH, and the duration of the pulsatility is very similar to that observed in vivo, the data obtained from the rat anterior pituitary perifusion system was shown in Table 1 . This system will be helpful for studying the HPA axis activity and ACTH secretion.
It is generally recognized that CRH as well as AVP are synthesized by the neurons located in the dorsomedial parvocellular subdivision of the paraventricular nucleus (PVN) of the hypothalamus. A large body of evidence shows that AVP plays a role in regulating Table 1 . ACTH secretion and pulsatility induced by CRH and AVP in the rat anterior pituitary perifusion system. Cells were perifused with serum-free medium before the addition of CRH and AVP. "-" represented no addition, and "/" no fold change or pulsatility. Fold change was expressed as the ACTH values under the stimulations divided by the basal line samples collected before treatment pituitary corticoreoph [1, 16, 17] . A number of studies have shown that inhibition of vasopressinergic activity by the use of VP antibody or receptor antagonists can decrease ACTH and corticosterone responses to acute stress. Hypothalamic CRH and AVP released into the pituitary portal circulation gain access to receptors in the anterior pituitary cortcotroph cells, where they stimulate ACTH secretion. Unlike VP secreted into the peripheral circulation from magnocellular neurons, AVP responsible for corticotroph regulation is secreted from parvocellular axon terminals in the external zone of the median eminence [16] . In all species studied, including rat, mouse and human, a proportion of CRH-producing neurons express AVP, about 50% in basal conditions. And this proportion increases substantially during stress, especially chronic and prolonged adrenalectomy [18, 19] . AVP is co-released with CRH and both contribute to ACTH secretion and activation of the HPA axis.
Using rat anterior pituitary cells perifused with the estimated basal pituitary portal circulation levels of CRH and AVP, the present study demonstrates that the pituitary corticotroph is sensitive to CRH and AVP pulses in the range of basal free circulation levels of these hormones. Preliminary experiments in a previous study indicated that 5-minuteincreasing pulses of CRH resulted in concentration-dependent ACTH secretion with a threshold of 30 pM [20] . In this study, the lowest physiological levels of CRH, 10pM was not able to produce a marked increase in ACTH secretion (Fig. 1) . Actually, thirty picomolar of CRH increased ACTH by 2-fold, and the ACTH secretion was maintained stable for more than 2 hours with a continuous perifusion. A higher concentration of 100 pM caused a 7-fold increase, but the secretion started to decline 15 minutes later (data not shown), and this may due to the desensitization of the receptors under treatment with the stress level of hormone.
Continuous perifusion with 10 pM AVP for up to 30 minutes did not alter ACTH secretion. Higher concentrations of AVP, specifically 100 pM and 1 nM, caused a 1.94-fold and 2.36-fold increase in ACTH secretion, respectively. The increased ACTH was stable and lasted for more than 1 hour. These results indicated that AVP was a less potent agonist compared with CRH, agreed with the published papers [1, 7, 8, 16 ].
An experiment was designed to test the effect of AVP on ACTH secretion stimulated by 30 pM CRH. In the cells perifused with continuous 30 pM CRH, 5-minute increasing pulses of AVP resulted in concentration-dependent ACTH secretory peaks. This finding is consistent with Prickett's findings that the AVP pulse acts as an efficient stimulus on ACTH secretion in normal equine anterior pituitary cells in vitro when pre-incubated with CRH [21] .
To determine the effect of CRH on AVP-stimulated ACTH secretion, rat anterior pituitary cells received continuous perifusion with 10 pM AVP and CRH. These results showed that even the combination of the lowest physiological levels of CRH (10 pM) and AVP, caused a 2.38-fold increase, similar to the effect of the stimulation by 1 nM AVP (2.36-fold).
The finding of a pulsatility in ACTH secretion by anterior pituitary cells receiving constant 10 pM AVP with either 10 pM or 30 pM CRH represents a very exciting discovery. Also, as we all known, ACTH released by the pituitary stimulates glucocorticoid secretion, and when it reaches sufficiently high levels it inhibits the pituitary corticotroph thus leading to the decrease of ACTH secretion, and the consequent decrease in glucocorticoid secretion. The group of Lightman in Bristol showed that low doses of CRH generates pulsatile corticosterone secretion in rats [22] . This finding is consistent with our results indicating that pulsatile corticosterone secretion resulted in ACTH pulsatility. Engler et al. also showed in 1990 that hypothalamic disconnection of the pituitary in sheep does not suppress the ultradian rhythm of corticosterone [23] .
The duration of the pulsatility caused by 10 pM CRH and 10 pM AVP was about 50-55 minutes (n = 8), and the duration of that caused by 30 pM CRH and 10 pM AVP was 40-45 minutes (n = 3). The latter was close to the physiological conditions reported by Veldhuis [11] . This indicated that the physiological levels of CRH and AVP were around 30 pM and 10 pM, respectively.
The generator of the ACTH pulsatility remains unclear. Studies using Brattleboro rats or vasopreesion receptor gene knockout mice indicated that the ACTH secretion was unaltered in the absence of VP [24] [25] [26] , but it was generally accepted that VP plays a role mediating ACTH responses [27] [28] [29] . As shown in Figure 4B , the cells in the column perifused with 30 pM CRH and 10pM AVP were more pulsatile compare to the cells in the column with 30 pM CRH alone.
It has been shown that the actions of AVP was mediated by plasma membrane receptor [30, 31] , and the receptor present in pituitary corticotroph is V1b receptor [32] [33] [34] [35] . Aguilera's study showed that the regulation of V1b receptor plays an important role in the sensitivity of ACTH responses, maintaining the corticotroph responsiveness even in the presence of elevated glucocorticoid levels, but the expression of CRH and pituitary type 1 CRH receptor were not changed or even reduced in conditions of high HPA activation [1] . A reported electrophysiological study supported that the circadian rhythmicity in the suprachiasmatic nuclei (SCN) neurons is independent of the afferent inputs from other brain areas [36] . Further study on single neuronal activity in the SCN revealed that the dorsomedial part of the SCN is an intrinsic oscillating pacemaker [37] , Additionally, the dorsomedial part of SCN is also the main location of AVP neurons [12] . Moreover, the circadian rhythm persists despite a continuous infusion of CRH [38] or AVP, suggesting that CRH or AVP alone is not the mediator of ACTH pulses. Actually, a study discovered a circadian rhythm in AVP RNA expression and the loss of the circadian rhythm of AVP RNA expression was shown in the transgenic CLOCK knockout mice [13] .
In this study, a rat anterior pituitary cells perifusion model was used to examine the ACTH secretory patterns regulated by CRH and AVP. CRH and AVP in the physiological range cause marked increase in ACTH secretion, and potentiate the effect of each other on ACTH secretion. Under constant perifusion with a combination of low levels of AVP and CRH, cells were able to produce pulsatile ACTH secretion. Accordingly, we can draw the conclusion that CRH and AVP are essential for the ACTH pulsatility, and AVP acts like a switch of the pulsatility. However, the underlying mechanisms need to be further investigated.
